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U NCtASSI FI ED 

By Juan  D. Maynard and Maurice P. Murphy 

This i s  the f irst  of a series of papers presenthg the prelfminaq 
results  obtained in tests of five propellers. The t e s t s  were made t o  
determine  blade-eection  Char~%~teristice f r o m  measurements of the pressure 
distributiona QII the blade sections under operating  condltions.  Values 
of the  section n d - f o r c e  coefficients, chordwise-pressure-force 
coefficients,  and-pitchiqpumnt  coefficients  obtained by integration 
of tbe  pressure  distributims are presented for 11 sections of one of 
the  propellers  having a design lift coefficient of 0.3 a& varying in  
thickness f r u m  about 4 percent at t h e   t i p  t o  16 percent at the  spinner 
surface. The msasured pressure  distributions,  together  wlth  the results, 
are  presented in the form of tables, and, t o  expedite  distribution, no 
attempt is d e  in  this- paper t o  analyze the  data. 

A need for pro@.ler blade-mction  cWacterist icB in the trassonic 
speed range has long been  recognized,  but  because of wind+unnel choking 
effects such data have not  been o b t e e d  by the w u a l  twc-dimensional 
a i r f o i l  t e s t s  in wind tunnels. In  the low-subsonlc-epeed  range, propeller 
characteristics mag be accurately  predicted  (reference 1) from a knowledge' 
of the  two-dimensional a i r foi l   character is t ice .  In the  important t r m s o d c -  
speed range, hDwever, it i s - n o t  kno- whether the  twc-dimemional  airfoil 
chaxacteristics, even if the7 were available, could be used f o r  the 
accurate  prediction of propeller performance. A howledge of the effects 
of velocity  gradient along the blade, the three-dimeneional t ip   e f fec ts ,  
and the  action of centrifugal  force on the boundary layer along the  blade 
would also be desirable. . .  
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To f i l l  t h i s  urgent need f o r  detailed  information, a preliminary 
investigation (reference 2)-was made in  the- Langley 164oot  high-speed 
tunnel t o  determFne the propeller  section c W a c t ~ r . i a t i c e  by measuring 
the pressure djztribution .on the a i r f o i l  sectianer of an operating 
propeller. PUthougF-the forward Mach nuniber.Aid not exceed 0.7 in  these 
tests, the  cmlinat ion of rotational and forward  speeds  produced blah- 
section Mach numbers as hi& aa 1.2. The results .of this preliminary 
investigation 8howec"tAat an enlightening hmhl.ge of the  Oper~iXhg - 

charmter i s t lcs   o f - the  blade section8 at high Mach nmbers was obtained, 
and a mope comprehensive program of testa was begun. Five progellers 
were constructed and instrumented for the msaurement of the- pressure 
distribution-on m y  section a longthe  blade radim. The blades had 
NACA l h e r i e s  sect iam with design lift c o e f f i c i b s  of 0, 0.3, or 0.5, 
and. vasied in thickness f r a m  about 3 t o  30 percent. The t e s t e  of these 
f ive propellers have been ccmpleted, and may data have been obtained . 
for a t o t a l  of 40 blade- sec t iom.  

The purpose of this paper is t o  present Tn p r e l h i n m y  form the * 

results of the   t es t s  of me of the flve propellers, and t o  expedite 
distribution no attempt has been made t o  analyze the data. Pressure 
distrtbutione were obtained on U s e c t i m  of this propeller, having a 
design l i f t  coefficient of 0.3 and varying in"€hfchess"fk.&n about 4 t o  
16 percent. 

SYMBOLS 

The symbols used throughout thls paper, sane of  which are defined 
in f lgure 1, m e  as follows: 

B number of blades 

b blade chord, feet 

C distance f r o m  section le- edge t o  aqy point an the chard, 
feet - -  

- " . . "  . 

- 
C distance *om section leading edge t o  a q  point about which 

pitching moments m e  taken, feet 

cC section charbwise-force coefficient 

Cd section drag coefficient 

section  friction-drag  coefficient 

. .  

... 

. 
. -  

. 
L i  
"" 
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section  lift  coefficient 

blade-section design lift  coefficient 

section pitc-nt coefficient  about  the qeer-chord 
point 

section norml4orce coefficient 

propeller diameter, feet 

section  chordwise  pressure  force, pounds 

section normal pressure force, porn& 

Goldstein  induced-velocity  correction  factor  for a finite 

acceleration due to  gravity (32.2 ft/Bec2) 

blade-eectlon maximrrm thiclmess, feet 

advance r a t io  ( v / ~ D )  
gas constant (53.3 ~t-lb/lb/%) 

Mach  number of advance 

number of blades 

helical  section  Mach Ilurber M 1 + ( \1 
section  pitching  moment,  pound-feet 

promller rotational 
propeller  rotational 

pressure coefficient 

static  pressure 
s q w e  foot 

at a 

speed,  revolutions  per  minute 

speed,  revolutions  per  second 

point on the a i r f o i l  surface,  pounds  per 
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static  pressure &e read on mancnneter board (uncorrected for 
centrifugal p reeme) ,  po~nds  per  aquare foa t  

free-atream s t a t i c  pre~sure, pounds per squaxe foot  

Q, resultant dynamfc pressme at a radial s ta t ion  x, pounds 

per ~1qua3.e foot 

R propel ler4ip radim, feet 

radius t o  a bUde- element, feet F 

polar .ordinate, f ee t  
. .  

r 
P 

rad iue   to   o r i f ice  in  rotating shaft of pressure;treulsfer 
device, feet rS 

8 

T 
- 

diatmce alcmg surface af the blade eection, feet 

abmlute mean temperature of air in  propellertubing, ?F absolute 

velocity of advance (corrected  for wim+tunnel wKLl-interference 
effects),  feet per second 

I 

velocity  vector 

v 

WO 

W 

X 

T 

resultant velocity at blade--+lection, f ee t  per second 

induced velocity at blade section, f ee t  per secmd 

normal diatance f'rom.chord line t o  upper or lower surface of 
a i r f o i l ,  inches 

induced angle of atltack, degreee a i 

a 
X 

angle of attack of blade element, corrected for induced flaw 
and blade deflection, at radlal s ta t ion  x, degree8 

( 4  - + @I. 
geometric angle of attack- of bMFe1emm-t at radial stat ion x, 

(e, - $0) 
0 
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B blade angle, degrees (equal t o  45’ at x = 0.70) 

po-75R blade angle at  0.75 t i p  radius,  degrees 

np change in blade angle caused by operating loads, degrees 

e polar angulir ordinate, radians 

P JIBES density of air in free stream, slugs per  cubic  foot 

d sol idi ty  (B;/xx) 

# helix angle, degrees ($o + 9) 

$0 geometric helix angle, degrees Lm-’(J/Xx>l 

.gr slope angle at the surface of the  section  referenced t o  chord, 
degrees 

03 .propeller  rotational speed, radians per second 

Subscripts : 

L lower-surf  ace value 

U upper-surf  ace  value 

Propeller dynmorneter.- The dynamometer used t o  test the propellers 
is  powered by t w o  1000-horsepower e lec t r ic  motors arranged in-tandem and 
coupled fo r  the  present  teets t o  U o w  the power of both motors t o  be 
expended through a single propeller. A variable-frequency power sugply 
affords an accurate  speed  control f r a m  300 t o  2200 revolutions  per minute. 
A detailed  description of the dynanometer is presented in reference 3, 
and a schematic diagram of the apparatus used f o r  the  pressure4is t r ibut ion 
t e s t s  IS shown Fn figure 2. The fa i r ing  prof i le  w a ~  calculated from a 
distribution of sources and s h k s  t o  produce a body of revolution with 
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uniform axial velocity  in  the plane of the propeller. This wial- L 

velocity  distribution has been checked experimentally and found t o  be 
uniform within 1 permnt . The gap between the propeller -blade- etnd the 
spinner  surface at the propeller b1aAe"apirmer Juncture I s  very EUTEXL, 
but is not  sealed. Most of the  propeller tests were made with two 
blades; however, a few tests were made with only one blade to  increase 
the  range of advance r a t i o  and power 1oading.for a gipran blade angle. 
For these one-blade testa an asticulated hub with a counterweight was 
uaed, but the counterweight w a s  canrpletely enclosed in the  spinner. 
Figure 3 is a photograph of the dpamame ter with the Wlade propeller 
installed.  

" 

" 

" 

_. . 

. .. .- 

Propeller blades.- The propeller  blades are made of solid duralumin .. 

- 
and a m  deeignated  the BACA lO-(3) (066)-O33 -design. The e g i t s  in. the  
propeller  designation  indicate a lO-foot-diameter propeller  having 
NACA l k e r i e s  blade  sectiarra  (reference 4) with the following  design 
parameters at the 0.7 radius: section  deai@ l i f t  coefffcient oFO.3, 
thiclmess  ratio of- 0.066, and sol idi ty  of 0.033per  blade. These blades 
have a rectangular plan form with a b u - w i d t h  of 8 inchea e x t e n m g  
t o  within 1- inches of the  t ip .  Also, the blade-ection camber, o r  

design lift coefficient, was the  same for all section8  except at the 
0.975 radius, where the  blade  section waa not a true RACA l h e r i e s  
a i r fo i l .  This section at the 0.975 radiuer W&S the result of the fairing - 
neoeeaaq at t h e   t i p  of the  propeller, and tKe ~ . d i n a t e s  were memured 

' a f t e r  the blade w&8 constructed. These ordinates for  the  blade-  section 
at the 0.975 radiua are given in  table 1. .I - 

Figure 4 gives the bl&e-fom c m e s  f o r  &h..N%A lej) (066)-033 . . . -  . - 

. .  

1 
4 

" 

" 

_I 

- 

blade  desigu, a;nd figure 5 is a photograph of the  blade  cmtaining  the 
preasure  tubes. The pressure tubes wergimbedded in both the  upper and 
lower surfaces of the  blade at 12 specifled chordwlse stations where it 
was desired  to  measure the  pressure. The tubing was laid i n  radial 
grooms with  the  tops of the  tubes flush with the-surrounding  surface 
of the blade, and were retained Fn the blade %y peed- the edges of the 
grooves at intervals along the radim. A m e t a l  spray w a s  applied t o  f i l l  
amy cavities around the tubes. The blade  then  carefully  finished 
t o  its arlgin&L shape. Orifice8  could  then be dr i l led  in  the  tubes a t  
any desired radial dat ion .  The f i r a t  pressure ..Ustributions were 
obtained on the outboard s ta t ion mares% the t ip ,  and when measurements 
at t h i s  statim were complete, the orifices were plugged with a low- 
melt-oint a l loy  and a new eet  of oriflcee drilled at the next desired 
inboard  station. Eleven radial   s ta t iom, & indicated in figure 4, were 
chosen as the  blade  sections of the NACA 10-(3) (066)-033 propeller on 
which preeaure  dlxtributions were desired.. 

.. ..- 
. .  
-~ 

. .  

. .  

. " 

" 
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The t rue  s ta t ic   pressure  a t  an orif ice  on the  blade surface is not 
indicated  directly on the  recording masometer-became of the  effect  of 
centrifugal pressure acting on the column of air inside the blade tubes. 
The centrifugal pressure correction can be calculated very accurately 
when the air column temperature is known. This  temperature was assumed 
t o  be the 883118 .as the mean blade temperature which was memured by means 
of a resistance  themmeter installed i n  an addition& groove cut  into 
the  thrust  face of  the propeller blade at the  mercent-chord  station. 
Tne blade mean terqeratura w a ~  recorded  simultaneously  with  the pressures 
for each test   point.  

Pressure-ltrassfer  device.--& pssyre tubes were brought  out of 
the  blade  surface  inside  the  rotating spinner and run through the hollow 
dynamometer shaf't t o  a transfer  device mounted in the rear. Details of 
this p r e s s u r e 4 r m f e r  device are  shown in figure 6. It w a s  necessary 
t o  memure only 24 pressures simultaneously,  but 30 chambers were provided 
t o  have spares in cam of a leaking chamber. The pressure  tubes shown 
in the  stationarrg  spacers were brought  out at the rem end plate  and 
connected t o  a multiple+ube manometer located  outside the tunnel   tes t  
section. The pressures were recorded by a remotely operated camera. 

Optical   def1ectmter.-  An accurate howledge of the blade-sectioh 
angle of attack in t h e  reduction of pressure data to   a i r fo i l   coe f f i c i en t s  
is obviously desirable; moreover, such hawledge is essential  t o  the 
accurate  determination of the component of n o d  force acting in  the 
drag direction.. While 30th the initial blade angle and the namFaal 
helix m g l e  could  be determined precisely, the aerodynamic and centrifugal. 
forces  acting on the  blade produced a t o r s i o n a l  deflection of appreciable 
magnitude. An optical  deflectometer  (fig. 7) w a a  devised  for measuring 
the  blade torsional deflection. In principle,  the  deflectometer was a 
theodolite movable along an axis pesallel t o  the prqpeller axis of 
rotation. A broad l i gh t  beam t ranmi t ted  along the  optical axis was 
reflected from a &l mirror attached to  the  propeller blade. The 
reflection could be seen O n l y  when the mirror surface was no& to   the  
optical  axis. From a knowledge of the  location 9f the theodolite  center 
w i t h  reference to   the  propel ler ,  and azimuth and elevation of the  optical 
axis, the instantaneous blade angle and consequently  blade  torsions were 
determinable. Blade twist %E measured simultaneously w i t h  the pressure 
measurements at three radial stations, x = 0.45, 0.70, and 0.9. Repeated 
t e s t s  after fully developing the instrument and operation techniques 
indicated  that the data  obtained with the deflectameter were accurate 
t o  within 0.100 at the  higher speeds, and t o  within 0.Eo at the lower 
speeds - 
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Because the blade-secti-on a;ngle--o9 attack l e  a function of a.&mma 
r a t i o  for  a constant blade angle, a Mach number range wia covered by 
running the t e s t s  successiveLy  over the stme range of advance r a t i o  
uering proportionately  increased values of tunnel airspeed.and propeller 
rotati&-speed. Most af the t e a t s  were mads w i t h  the  blade angle set 
at 45O at the  three-quarter (&pinch) radius. A cahstant rotational 
speed waa used far sane of the tests ,  and a range of advance r a t i o  wa8 
covered by changing the tunnel airspeed, which could be varied from 
about 64) t o  500 miles per hour. Because of dynamometer power limitations 
the complete range .of advance r a t io  could  not be covered at rokatlonal 
speeds above 1600 revolutions  per minute B = 45O); therefore 80me 

tests w e m  made with the tunnel-rtir-etream Mach number held -constant, 
and the range of advance r a t i o  was covered by changing the propeller 
ro t a t iona l  epeed. 

( 0.7% 

Adatti& tes te  were made for the r a d -  Etatiom, x = 0.65 
and 0.78. These add-ikional tests consisted of two groups. I n  one poup, 
t e s t s  were made at  a rotational speed of 1350 revolutiow  per dnu te  
for blade anglee *am 20° t o  55O"Ln 5?. Increments. I n  the  other group, 
t e s t s  were made at a blade angle of 300 f o r  several conatant values of 
rotational speed up t o  2160 revolutions per minute. Them addltional 
t e s t s  were-ma.de t o  study the effects of different  radial  blade loadlngpr 
and Mach number gradients on the measured pressure distrlbuticme. Also, 
a greater range of section angle of attack w88 possible In the  teste 
made at the lower blade angles. In arder t o  extend the range of section 
angle of attack  at  the higher Mach numbers several teete were made x i th  
a one-blade propeller t o  obtain pres&ure a . s t r l b u t i F  at the 0.975, 0.95, 
0.85, and 0.70 radius statione. 

R u n n i n g  the  teste &B deecribed,  adequate ranges of section Mach 
number and aslgle of attack w e r e  obtained far each of the U blade 
sections. The Mach number range covered for the outboard sections wae 
from %bout 0.7 to 1.2, and for the  inboard sec-Mana f'ran abotrt-0.3 
t o  0.7. The section &e-ofettack ran@ vas from about 4' t o  U0 fo r  
low values of Macbmber, and f r o m  about Qo t o  4 O  for  the higher values 
of  Mach number. 

REDUCTIOM OF DATA 

The usual wFndJtunnelra31 c.mections,- ae described In reference 3, 
have been applied t o  the data  to  obtain  the  equivalent free airspeed. 

. .  ." 

" 

" 
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Pressure coefficient.- The pressure  coefficient  for any pressure. 
a t  the surface of the  section is defined ae the difference between the 
measured surface pressure asd the aibient fie-tream static pressure 
divided by t h e  resultant  section dynamic pregsure; therefore 

The propeller rotation produces a chasge in the  section  velocity and the 
t o t a l  pressure,  but  the  static  pressure and mass density remain u n c h q e d  
from the free-etream condition. The pressure p at a point on the blade 
surface is the pressure  recorded on the manometer corrected f o r  the 
centrifugal  force on.the air column in the pressure tube due t o   t h e  
rotation of t h e  blade, BO that 

In the  present  installation r8 w a a  very Bmall compared Hth r, and 

consequently w m  neglected in  ccanputing the corrected  pressure p. 

Nomnal"force coefficient .- The normal force is that pressure  force 
acting  perpendiculiw t o  the chord of the section 

The normal-force coefficient is defined as the normal force acting on 
a section of unit span divided by the chord of the eection and the 
resultant  section dynamic prestilure; thus, 

Chordwise-force coefficient.-The chordwise force of a section is 
defFned as the  pressure  force  acting p a r a e l  t o  the chord. 



The chorduise-force coefficient is defined a.6 the chordwise force  acting 
on a Election of unlt epan divided by the  chord and the  resultant dymmlc 
pressure; thus, " I ." - 

or  

Equatiun (2) is the  equivalent of equation (1) with 
coordinates  cmv.erted t o  polas  coordinates and ~ t h  

the Cartesian 
the origin located 

wlthin the section. The t o t a l  cc is produced by evaluatin@; theee-.two 
equations.  Equation (1) is used to evaluate that portion of chwdwim- 
force  coefficlent from = 0.025 t o  6 = 1.0. Equation (2) i s .  used 

to evaluate the charduise-iforce  coefficient from =.O to E = 0.025. 
About the chord line the sign of the slope @e I(r taken t o  be 
positive for the forward half of the upper Burface ad negative f o r  the 
forward- h a l f o f  the lower surface. The mi in 4P the polar coordinate . 
system w a 8  placed an the chord at a c% value 0.125. In 
equation (2), rp l e  used t o  represent ths radius earn the polar origin 
t o  the point on the Burface of the  section. 

C C 

- 
.. . . . .  . .  ". . - - 

Pitching+maent  coefficient.- The pitchi-amnt coefficient of a .. - 
section is defined as the mment of the ncmwl. force .ab.out a @Ten 
stat ion on ths chord of a section of unit- apan, divided by the chord 
squared a;nd the  resultant  section dynamic pressure; thus, 

A positive value of  moment coefficiest, is deffned aa a moment tending 
t o  increase the  aectian angle of attack. In  th i s  paper the maanente were 

taken about  the sectton  quarter-chord  point where i;; = 0.25. 
- 
C 



Angle of attack.- In addition to the correction of the section angle 
of attack  necessaq because  of the blade deflection, a second correction 
is necessary  becaue of the induced flow. The section  angle of attack 
may be expressed ELEI 

ax = Px -pl0 +a -ai = ax' +aS -ai 
# 

where 4 3  .is the  deflection angle and ay is t h e  induced angle. The 
deflection angle w a ~  measured w i t h  the .optical  deflectmeter  previously 
described, and the measured values have been checked a.gahat values 
calculated frm a knowledge of the loading along the blade r&w. In 
most cases  excellent agreement w&8 obtained between the calculated and 
measured values of the deflection angle, but in same of the Initial 
tests, before  the  deflectmeter and operation  techniques were fully 
developed, differences amounting t o  about 0.40 r e  found. In such  cases 
the calculated values of the deflection angly /"8- were used. 

The induced angle was calculated by a b t h o d  of successive  approxi-, 
mations using h c k ' s  equation  (reference 5)' relating  the  interference 
velocitq wi w i t h  the true resultant vel "city W. 

UCZW P 
wi = r# 

I 

Since the interference  veloci-ty mag be =sudd to be perpendiculm to the 
t rue resultant veloci-, then 

1 

It should be pointed out that if the actual oading- along the blade 
radius I s  considerably  different frm an opt (or  Goldstein) loading, 
then the induced angles calculated  for the b ade sections using Goldstein's 
factor  G are in errm. Hoxever, the .ass t ion  of an opthum loading 
was mad0 in calculating  the induced an@;lea presented i n  this paper. As 
a first approximation for calculation of the induced angle, cz waa 
assumed t o  be equal t o  cn, and # w8.a assumed to be equal to go* 
Usually only two o r  three approximations were required t o  obtain calcu- 
lated  values  equal to the aqsumed values. The values used f o r  Goldstein's 
induced-velocity  correction  factor G for a f i n i t e  number of blades were 
obtained by an interpolation of the values calculated by Lo& in   refer-  
ence -5 for a tw&lade propeller  (fig. 8) . The values of Goldstein' s 
f a c t o r  G fo r  a one+lade propeller (fig. 9 )  were obtained by extrap- 
lation to the one41lad.e cam of values presented in reference 5 fo r  

t 



The  ccrmplete resu l t s  axe presented in:t-aBles. 2 . t o  12, each table  
showiu the results fo r  m e  of the 11 chosen blahe  sections-. The %la&- 

.. . 

RACA 16316.25 

NACA 16-308 . 94 
NACA 16-307.50 
NACA l6 -3O7;OO 
NACA 16306.62 
NACA 16305.85 
NACA 16-305 .30 
NACA 1&304.80 
NACA 16304.40 

NACA 16-310.00 

(see table  1) 

2 
3 
4 
5 
6 

8 
9 
10 
11 
12 

The digits  following the dash in the  blade-ection desipt im have the 
following significance: . The First d ig i t  is. 10 t-8 the design 1i.f-t 
coefficient and the remaining digits give the section thickness in perceht 
chord, for-example, the  blade section a t  the 0.95 radius l e  BSI NACA 
16-eeri-es section having a degign lift coefficient of 0.3 and"& thickness 
of 4.4 percent of the chord. Ea& of the table:eCpreaent-ing the result8 
is subdivided into several parte, each part .being on a sipmate page 
ahowing the data for a particular test  condition over a range of 'advance 
ratio. Since there are many tables, an index t o  the tablee is provided 
a t  the end of2khe" fqci-l i tate  their  . we-. .. 

. .  

. .  

Pressure distributiom.-The  value of the Dressurs coefficient at 

.. " . 

-_. 

. 

each chordwise s ta t ion on both th- upper and lower surfacee is given tu 
a column of the tables for each t e a t  point. Eakh  column -therefore defines 
a pressure distribution. Above each. c01m.m m a  given. the corresponding 
values of advance ratlo,  section_luiach number, namlsal angle of-attack,. 
deflection angle, induced angle of attack, -n-ormal-force-coefficient, . . .  

r 

. " 

- 
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moment coefficient, and chord~se%wessure4orce  coefficient. It will 
be noted in the tables   that  a few faired values, rather than measured 
values, of the  pressure  coefficient are given.. This w a s  necessary  for 
points   a t  the trail- edge and, in some cases, f o r  points near the 
t r a i l i ng  edge of the outboard radial stations where the section  thiclmess 
w a s  insufficient t o  allow Fnstallatim of a pressure  tube. In the few 
instances where the faired value of the pressure coefficient a t  the . 
t r a i l i ng  edge differed f o r  the upper and lower surfaces, only the value 
for  the lower surface is indicated  in the tables. The values  given  for 
the  pressure  coefficient at the leading edge of t h e  blade section6 were 
calculated for the s t w t i o n  pressure. 

Figure 10 shows some typical  pressure  distributians along the 
section chord which mre obtained fo r  the NACA 16-304.40 blade  section 
located at the 0.95 radius. The angle of attack waa approximately tb 
same (0.60) for  KLl three distributfons show. A t  the   subcri t ical   sped,  
Mach  number 0.64, a typical subsonic  pressure  distribution was obtained 
which is relat ively flat and in   c lose agreement with the theoretical  
tw04imensional pressure distribution calculated for this section. A t  
t h i s  Mach number the  section had a ncrrmal"force coefficient of 0.20. 
A t  a Mach  number of 0.9, which is Just at the c r i t i c a l  speed of this 
section,  there i s  l i t t l e  change in the shape of the pressure diagram 
except im increase  in the naawitude of the pressures and s l igh t  irregu- 
l a r i t i e s  near  the leading edge. With th i s  increase in Mach  number the 
noTm&l"force coefficient increased t o  a value of 0.34, which is apprmi- 
mately the  increme  predicted by the Prandt1-GlaUer-b rule. When the 
Mach  number is increased beyond the c r i t i c a l   t o  a low supersonic speed, 
the  pressure diagram  undergoes considerable change. The pressures near 
the  leading edge of the blade section become more positive, and over 
most of the upper surface  supersonic flow is established which terminates 
in a shock close. to  the t r a i l i ng  edge. In this t ransi t ion  the l i f t  coef- 
f ic ient  has dropped  back t o  & value  appreciably lower than waa obtained 
at the  cri t ical-speed. It should be noted that at the subcrit ical  speed 
low pressures on the rear half of the blade  section axe counterbalanced 
br low pressures over the forward p& with the resu l t  that the pressure 
drag is very small. A t  the supersonic speed, however, pressures over 
the rear half of the  blade  section  are much more'negative then those over 
the forward half with the resu l t  that there exists a large chordwise 
pressure  force o r  drag,  and also a chasge in the pitching momnt about 
the quartemhord  point.  

Pressure diagrams such &8 thoee in f igme 10 have been integrated 
to  obtain  values of the  section noTm&l"force, chordwise-force, and 
moment coefficients  presented in the tables. These coefficients,  together , 

with the  section Mach number a d  angle of attack,  are  plotted  in  figure U. 
t o  show the  variation  with advance r a t io .  The data 3 n  figure ll are from 
a single test,"_and -Pram several  plots such BB this crooa ploto m a y  be 
W e  t o  show the  variation of the  coefficients w i t h  Mach  ~mU?mr, using 

8 
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angle of attack as a parameter. Although it is not the purpose of t l i l s  
paper t o  analyze the data presented, a brief inspectian of the results 
has  indicated  certaln phenomena and l imitat iom which mu& be  considered 
in any thorough analysis of the data. . 

Blade 1oadfnga.- In addition to providing Bpicture of the l i f ' t  
dong the r a w  of a propeller, loading curves are important in the 
reduction of the data for  two reaaons: 

(1)' The radial loadiag  affects  the  blade  deflections which ere of 
coneiderable magnitude and muat be taken I n t o  accomt in the determination 
of the section angle of attack. . . . . . . - . -. . . ." . .. . 

(2) The radial loading affac3s the induced angle of a section which 
must also be talcen into account in the detemlnation of the angle of 
attack. 

The variation of the  normal-force-coefficient along the blade radiw 
is shown in figure 12 for propeller  operation at an advance r a t i o  of 2.2 
and the -five  values of Stream Mach nmBer shown. It should be emphasized 
that these c m e s  show the actual loading at t h e  propeller blade, aa 
dis t inguishehfrm the usual loading downstream obtained frau-wake-survey 
measurements. The upper curves In figure 12 show the variation of bladB- ' " 

section Mach  number along the blade r&m, md the line legends correspond 
t o  the lines of the loading curves below.. Note that as the stream Mach 
number increases f r o m  0.38 t o  0.56 the -loading over- the outer  portion of 
the blade increases  progressively. This increme corresponds. t o  the 
increase shown .by the second diagram in flgure-lD. .AEI the a t remi  Mach 
number 1s further increasedto 0.60, the outboard sectlane lose some of 
their  lift because of cmpressibi l iQ  effects .  ' A t  a stream Mach number 
of 0.65 the blade  sections over the outer half of the blade are-operating 
a t  Mach rimers above their c r i t i c d ,  and at the 0.6 radius the eection 
no& force has dropped to a compzatively low value. However, at the 
0.7 rad- e ta t iom w h e r e  the section is ,operatFng at a Mach numker 
of 0.93-%here is  a carseiderable  recovery of the l i f t .  

Blade  def1ecticma.- Since the blade deflectione depend to-a 1ars 
extent on the loadi- along the blade radius, the radical C-B in 
the loading c u ~ v e s  with change8 in Mach nlmiber ahown in figure 12- will 
came rad- changes i n  the blade deflections. 'FI- 1 3 .  shows the  . 

blade  deflections along the  blade  radXQrPor ths-3.oading curves in 
figure 12. A t  t h e  blade t ip   the  def lect ion angle changes from O.55O 

' t o  -0.33' when the strSem Mach number changes from 0.56 to 0.65. Note 
t h a t  the ch-e In the shapes of the .deflection cxqves correspond t o  
the changes in the loading cw- of.  figuye. A?: The.-te&.-_conUtiop. chosen -:-. - 
in figures 12 and 13 is for  a l i&t ly  loaded  propeller, and for  same t 

conditima of operation  the  deflection angle mounted t o  as much as -2.3O. 
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It should be pointed  out  that  sipce  the advance r a t i o  is the same f o r  
d l  the data in figure 12 the mgle of attack of a blade  seotion at a 
particular rad-ius would be the same for a l l  the  stream Mach numbers i f  
the  deflection8 and induced effects  are  disregarded. 

Induced-e correction.-  Figure 14 shows the  vmiation of the  
normal-force coefficient  with angle of attack for several outboard radial 
stations  operating at a constant  section Mach number of 0.65. 31 
figure  l4(a) no correction' for the induced e has been applied t o  the 
values of angle of a t t p k ,  and in figure 14(b a correction  for  the 
induced angle has been applied assuming &21 optimum loading along the 
blade radius. Since  the  outer  sections of the  blades have the same 
camber but are slightly  thinner  than  the inboavd o m s ,  the  slopes of  the 
curves f o r  the  outer  sections would be expected t o  be &8 great or greater 
than f o r  the inboard one8. Figure 14 shows that the F n d u c e d q e  cor- 
rection  increases the slopes of the curves, but  the assumption of an 
optimum loading in calculating  the induced  angles may lead t o   e r r o r s  in  
the  determination of the t rue angle of attack md of the  lift-curve  slopes. 
~n figure 15 the loading pmameter bc2/bcz0.7p f o r  an optimum ( o r  
Goldstein)  loading is compared with  the  loading  obtained  experimentally 
for the same operatlq  condition. The c m e s  of figure 15 are  typical 
i n  that they show that the experimental  propeller  loading  deviates from 
the  ideal  wlth  relatively high loading near the t i p  and-low loadin@, 
inboard. W i t h  a 10- of t h i s  type it would be expected that the 
induced angles for stations near t h e   t i p  would be greater than those 
calculated f r o m  the S inq l0  re la t ion  used. The curves of figure 14 also 
indicate that the induced angles ne= the t i p  must 'be s e a t e r  if  the data 
are t o  be coneistent. The values of the induced angle ay presented in 
the  tables  are  therefore scrmewhat in error ,   par t icularb for the outboard 
blade  sections. The exbent of the  error in the induced angles has not 
yet been  determined, but at the  present tlm an attempt is being made 
t o  develop an adequate method for calculating  the induced angle for an 
arbitrary loading. A treatment of this subject is given in reference 6. 
It should  be  pointed  out that there  are other factors, such a8 Mach 
number effects  (reference 7 ) ,  which should be taken i n t o  account in an 
accurate  determination of the true  section  angle of attack. 

"&' 

Blade-section lift coefficient.- The values of the normal+orce and 
chordwise-force coefficients mag be resolved  into  blade-aectim lift 
coefficients by using the  relationship 

cz = cn cos ax - cC 8 h  ax 

Since the last term i n  the abwe equation is the  product of two.smal1 
qW-bi th8  and since the.co!ine of small angles is approximately one, 
the  value of the  section lift coefficient is very nearly equal to the 



normal-force coefficient.  Since this 1s *US, the error in the angle 
of-a t tack  (due t o  inaccuracy of the F n d u c e b - e  calculation) will have 
a negligible  effect on the valueer of the  section lift coefficient. 

Blad&+ection drag coefficient.-The values of the  blade-mction 
c0effi.cien-b may be obta l&& by using  the  re'lationship 

" 

where c is the f r ic t ion  drag coefficient. T h i s  'f"rict1m drag coef- 

f i c i en t  has been estimated t o  be about 0.004 from a study of the data ". 

presented in reference 8. An inspectian of the above equation for the 
drag coefficient reveals that an mar in  the angle of attack will have 
a greater effect on the values of the drag coefficient, than.m  the.  l i f t  
coefficient because of the tr igonmetr ic   re la t iom used in-calculat ing 
the  drag from tEFn0rmaL and chordwise forces. For this reason an 
accurate -determination  of-the drag coe-fficik& . . ? Z  rid possible un t i l  an 
accurate  evaluation of the induced angle arid-8ection angle of attack 
is made. -. 

%e 

.. 

".. - 

The determination of the chordwise-force  coefficient, as described 
under the section on reduction of data, is a t  best an approximation 
from - =  0 t o  g =- 0.025. At Mach numbers below ithe c r i t i c a l  most 

of the pressure drag is caused by the  pressures  over  the  leading edge 
of the blade section.  Since it W&B not  possible t o  install pressure 
tubes i n  the blades at the leading edge, the values of the chordwise- 
force  coefficient at the lower Mach numbers are greatly  affected by the 
fairing of the presBure-di-stributim curve8 in  the-  region of the- leading 
edge.. For t h i s  reason-values of the chordwise-force coefficient me 
given in the  tablee onlg for  those Mach numbers  which are above"t;he 
c r i t i c a l   f o r  the particular blade section. T.he evaluatian of the 
chordwise-force coeffkient  &-Mach  numbers  above the  c r i t i c a l  is 
believed-to be reasonably accurate, and the  values are  given to   indicate  
the  trend of the blade+mction drag in this important Mach..nlrmber range. 
In general, the blade-+ection drq at subcri t ical  speecb BB determined - 

from the pressure distrfbutione w i l l  not be reliable,  since  both  the 
chordwise force and the  ccrmponent due t o  the normal force are BO uncertain. 

C . . "" 

b 
c-- 

.. . 

- 

. .. 

" 

Blade-section momgnt coefficient.- The moment  coefficients were 
calculated about the  quartemhord  point from the values of the normal 
force and do not  include  the  effects of the chordwise force. This 
simplification results in a negligible  error  since the blade sectiom 
are thin and have fairly l o w  cambers. The values af the pitching 
mment about the  quarter-chord  point are enerelly negative, tha t  is,- 
they  tend t o  reduce the blade angle. 



Onealade propeller te&a.-The resul ts  of the one-blade propeller 
tests are  included in the  tabulations. A preliminary analysis of these 
data reveals BO- disagreement with the results of the twc4lade propeller 
tes t s .  The r e m a  for  this disagreement if3 not yet h o r n .  It be 
due in  part t o  the  inaccuracy in the f i n d  angle of attack. It is 
expected that  further analysis of these  data may provide an explanation. 

Langley Aeronautical Laboratoq 
National Advlsoq Committee for Aeronautics 

Langley A i r  Forrce Base, Va. 
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Figure 1.- Vector diagram of the  velocities and forces acting on a 
blade  eection. 
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Figure 2.- Diagram of the apparatus used t o  obtain  pressure  distributions on the sections of 
operating propellers. 
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Figure 3.- Propeller dynamnmreter with the one-blade pcpeller installed. 
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- - - - - Location of blade reotlons t o r  -oh 
preeeure dlstrlhutlonr xere obtalne6 

Figure 4.- Blade-form curyes for the NACA lO-(3) (066) -033 propeller. 
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Figure 5.- The HACA 10-(3) (066) -033 propeller blade containing pressure tubee. 
U 



. 
. 



. . . . . . . . . 

I 

@ Hollow EM 

@ Rotating preeeure tubee 

@) Rotating spacer 

@ "0" Ring'gaekete 

@ Tva Synthe-Seal bal l  bearings 

@ stationary epacer 

Figure 6.-  Details of the 30-chauf~er peesure-transfer device. 
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Figure 7.- The optical deflectcaneter mountea on top of the tunnel t e s t  section. - UI 
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Figure 8. - Goldsteinr 8 Induced-velocfty correction  factor for a 
two-blade propeller. 



NACA RM LgU2 

m 
a a 4  

.3 

m2 

.1 

0 

Figure  9" Goldstein's  induced-velocity correction factor for a 
one-blade propeller. (Ebrapolated values .> 
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Figure 10.- Typical pressure  dlstributiona along the chord of the RACA 16-304.40 blade eect lon locate4 . 
at  the 0.95 radiue. a, - 0.6 (approx.). 
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Figure 11.- Variation of section  normal-force  coefficient, moment 
coefficient,  chordwise-pressure-force  coefficient,  angle of 
attack,  and Mach nmiber vith  advance ratio for  'the blade eection 
at  the 0.85 radius, fkom table 9 ( e ) .  P0.75~ = 45O; M = 0.56. 
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Figure 12.- Variation of  the normal-force coefficient and section 
Mach nuniber along the blade radius. '0 7% = 45'; J = 2.2. 
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Figure 13. - Variation o w h e  blade deflection Afl along the blade 
radius Po. 7% -45'; J = 2.2. 
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(a) No correction for the 
induced angle. 

(b) Correction  applied for  the  induced 
angle asaumlng an optimum loading. 

Figure 14.- The effect of the  Induced-angle  correction on the  elopes of the normal-force-coefficient 
curvee- p0.m = 45'; = 0.65. 
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Figure 15. - Contparison of a measured loading curve with the optfrmrm 
loading for the same condition of operation. po.ym = 45'; 
J = 2.2; M = 0.45. 
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Table 1.- Ordinates  for t h e  BladeSection at the 0.975 Radius 
of the NACA lO"(3)  (066)-033 Propel ler  . . . . . . . . . 19 

Table 2.- Pressure Coefficients and Aerodynamic Characeer- 
i s t i c s  of an MACA 16316.25 Propeller Blade  Section 
(x = 0.30) 

(a) N = ~ 4 0  rpn; B = 450 . . . . . . . . . . . . . 20 
0.7% 

(b) N = 1350 -; Bo* 7p =450 . . . . . . . . . . . . .  . : 2 l  

(c) N = 1500 rpn; P 
0 . 7 3  

= 450 . . . . . . . . . . . . 22 

(a> M = 0.56; Pon7p  =45O . . . . . . . . . . . . . . . 23 
(e) M = 0.60; = 45' . . . . . . . . . . . . . . . . 24 
( f )  M = 0.65; B =45O . . . . . . . . . . . . . . . .  25 

0 . 7 9  
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Table 5.- Pressure Coefficiente asd Aerodgnamic C h a r a c t e r -  
IstiCEI of an NACA 16+07.50 Propeller B l a e  Section 
(X = 0.60) 

(a) N = 1140 rpm; B 0.7w =450 . . . . . . . . :. . . . . 4.0 

( c )  N = 1500 rpm; Bo.7p = 450 . . . . . . . . . . . 42 
(d) N = 1600 rpm; Po.7p = 450 . . , . . 0 . . . . . . . . 43 
(e) M = 0.56; = 4 y  0 .  . 0 .  0 . . . . . . . . . . 44 
(f) M = 0.60; = 450 . . . . . . . . . . . . . . . . 45 

(b) N = 1350 rPm; Po.7p =eo . . . . . . . .  . .  . . . .  41 

( g )  M = 0.65; 80.79 = 450 . . . . e 0 . . . . . . . . . . 46 
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Table 7.- Pressure Coefficients and AeroQnamic Character- 
istics of an NACA 16306.62 Propeller Blade  Section 
(X = 0.70) 

(a) N = 1140 rpm; B =450 . . . . . . . . . . . . . .  66 
0. 7 F  

(b) N = 1350 rpm; =45O . . . . . . . . . . . . . . .  67 
(c) N = 1500 rpm; B =45O . . . . . . . . . . . . . .  6-9 

0.7F 
(dl N = 1600 r p m ;  = 450 . . . . . . . . . . . . . .  69 
(e) M = 0.56; B =45O . . . . . . . . . . . . . . . .  70 0.7% 

0.7% 
(f) M = 0.60; P ='45O . . . . . . . . . . . . . . . .  71 
(g) M = 0.65; Bo.7p =45O . . . . . . . . . . . . . . . .  72 
(h) G n d l a d e  propeller; TJ = 1m rpn; 

(i) One+lade propeller; M = 0.57; 

( j) Cne-blade propeller; M = 0.59; 

. . . . . . . . . . . . . . . . . . .  7% =450 73 

=450 74 

=450 75 

=45O 76 

= 4 5 0  77 

. . . . . . . . . . . . . . . . . . .  b 7 5 R  

. . . . . . . . . . . . . . . . . . .  
7 9  

(k) One4lade propeller; M = 0.61; 

( 2 )  On6blade propeller; M = 0.64; 

. . . . . . . . . . . . . . . . . . .  Bo-79  

b 7 9  . . . . . . . . . . . . . . . . . . .  
Table 8.- Pressure Coefficients and Aerodynamic Character- 

istics of an U C A  16305.85 Propeller Blade Section 
(x = 0.78) 

( a )  N = llk0 rpm; $ =45O . . . . . . . . . . . . . .  78 
(b) N = 1350 rpm; P =45O . . . . . . . . . . . . . .  79 

0.7% 

Q. 75R 
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Table 9.- Pressure Coefficients and Aerodynamic Characte- 
istics of an NACA 16-305.30 Propeller Blade Section 
(x = 0.85) 

(a) N = ll40 rpm; I3 
0.7F 

. = 4 5 O  i . . . . . . . . .  , . . . e  97 

(c) = 1500 rpm; =45O . . . . . . . . . . . . . .  9 9 ,  

(a) m = 1600 rpm; B 5450 . . . . . . . . . e . . . .  loo 

=450 . . . . . . . . . . * . . . . e  101 

=450 0 . .  . . . . .  . . . . . . . .  102 
=45O . . . . ' . . . . . . * . . . . .  1-03 

(b) m = 1350 rlpni B,.75R =450 . . . . . . . e . . . . . .  98 

0.7Y 
(e) M = 0.56; B 
(f) M = 0.60; P 
( g )  M = 0.66; B 
(h) One+lade propeller; M = 1500 rpn; 

0.79 
0.79  
0.79 

$0 7% =45O . . . . . . . . . . . . . . . . . . .  104 
0 
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Table 9.- Continued 

5 

(i) One+lade propeller; M = 0.57; 

( j) One-blade propeller: M = 0 . 59; 

(k) One+lade propeller; M = 0.61; 

f i0.7p =45O . . . . . . . .  . . . .  . . . . . . .  105 

=450 . . . . . . . . . . . . . . . . . . . 106 

=450 . . . . . . . . . . . . . . . . . . .  1q 
=450  . . . . . . . . . . . . . . . . . . .  108 

7573 

po.7P 

po*75R 
( 2 )  One-blade propeller; M = 0.64; 
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Table 11.- Continued page 

(i) One-blade propeller; M = 0. s; 
'0.7% -- 

=45O.. . .  . . . . . . . .  . .  . . .  e . 124 
(3) One4dad.e propeller; M = 0.59;~- 

(k) One-blade propeller; M = 0.61; 

( 2 )  One+lade propeller; M = 0.64; 

.. - 

7 9  =450. . . . . . . ... . . . . . . . . . . . 125 

=45O.. . . . . . . . . . . . . . . . . . . 126 

= 4 5 0 . . . . .  . . . . . . . . . . . . . . .  127 

. . .  . . .   . .  

po.793 

80*75R 

Table 12.- Pressure Coefficients 8nd-Aerodynamic Chamtey  
istics of the Blade Section at the 0.975 R a d i u s  

(a) N = ll40 rpm; = 450 0 . . . . . . . . . .. . . 128 

(b) = 1350 rpm; = 450 - 0 .  : . . . . . . . . . . 129 
(c) m = 1500 rpm; p -  =450 . . . . . . :. . . . . . 130 

= 4 5 O  . . . . . . . . . . . . . .  131 
0.79 

0.79 

0.7% 
(a) N = 1600 rpm;  I3 

(e) M = 0.56; 8 = 4 5 O  . . . . . . . . . . . . . . . .  132 

(f) M = 0.62; =45O . . . . . . . . . . . . . . . .  133 
(g> M = 0.65; = 4-5' . . . . . . . . . . .. . . . . . 134 
(h) O&lade. propeller; N = 1500 rpn; 

=450  s . . . . .  i . . . . . . . . . . . .  135 

0.79 

.7% 
(i) One4lad.e propeller; M = 0.57; 

( J )  One-blade propeller; M = 0:59; 

(k) One+lade propeller; M = 0.61; 

p o e ? 5 R  

$0 7% 

=45O . . . . . . . . . . . . . . . . . . 136 

= 45O . . . . . . . . . . . . . . . . . 137 

=450 . . . . . . . . . . . . . . . . . . .  138 
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